Interaction of chemical and state effects on ventilation during sleep onset. J. Appl. Physiol. 81(5): 2235-2243, 1996.-Ventilation varies as a function of state, being higher during wakefulness (as indicated by alpha electroencephalogram activity) than during sleep (theta activity). A recent experiment observed a progressive increase in the magnitude of these state-related fluctuations in ventilation over the sleeponset period (28). The aim of the present experiment was to test the hypothesis that this effect resulted from chemical (feedback-related) amplification of state effects on ventilation. A hyperoxic condition was used to eliminate peripheral chemoreceptor activity. It was hypothesized that hyperoxia would reduce the amplification of changes in ventilation associated with electroencephalogram state transitions. Ventilation was measured over the sleep-onset period under both hyperoxic and normoxic conditions in 10 young healthy male subjects. Sleep onsets were divided into three phases. Phase 1 corresponded to presleep wakefulness; and phases 2 and 3 corresponded to early and late sleep onset, respectively. The magnitudes of state-related changes in ventilation during phases 2 and 3, and under hyperoxic and normoxic conditions were compared using a phase by condition analysis of variance. Results revealed a significant phase by condition interaction, confirming that hyperoxia reduced the amplification of state-related changes in ventilation by selectively decreasing the magnitude of phase 3 state changes in ventilation. However, some degree of amplification was evident during hyperoxia, thus the results demonstrated that peripheral chemoreceptor activity contributed to the amplification of state-related changes in ventilation but that additional factors may also be involved. respiratory instability; peripheral chemoreceptors; hyperoxia; electroencephalogram RESPIRATORY INSTABILITY has traditionally been conceptualized as the product of delays in feedback to peripheral chemoreceptors resulting in over-or undercompensation for ventilatory disturbances (18, 19, 32) . The observation that ventilation is dependent on the presence or absence of wakefulness suggests that state can also be a source of respiratory instability (2, 4, 24, 25) . For this reason, it has been suggested that ventilatory instability during the sleep-onset period occurs because of the frequent fluctuations in state characteristic of this period and that fluctuations in state may contribute to the development of respiratory instability later in sleep. In agreement with this proposal, a positive relationship has been observed between the magnitude of state-induced changes in ventilation during sleep onset and the degree of later respiratory instability (28). This study also reported progressive and highly consistent increases in the magnitude of state-related changes in ventilation with increasing time in sleep onset. These results demonstrated that relatively small state-related changes in ventilation can be amplified during the normal sleep-onset process, suggesting a link between state-initiated fluctuations in ventilation and the development of later respiratory instability.
RESPIRATORY INSTABILITY has traditionally been conceptualized as the product of delays in feedback to peripheral chemoreceptors resulting in over-or undercompensation for ventilatory disturbances (18, 19, 32) . The observation that ventilation is dependent on the presence or absence of wakefulness suggests that state can also be a source of respiratory instability (2, 4, 24, 25) . For this reason, it has been suggested that ventilatory instability during the sleep-onset period occurs because of the frequent fluctuations in state characteristic of this period and that fluctuations in state may contribute to the development of respiratory instability later in sleep. In agreement with this proposal, a positive relationship has been observed between the magnitude of state-induced changes in ventilation during sleep onset and the degree of later respiratory instability (28) . This study also reported progressive and highly consistent increases in the magnitude of state-related changes in ventilation with increasing time in sleep onset. These results demonstrated that relatively small state-related changes in ventilation can be amplified during the normal sleep-onset process, suggesting a link between state-initiated fluctuations in ventilation and the development of later respiratory instability.
The demonstration of both significant state and chemical influences on ventilation has led to the hypothesis that these two influences might interact synergistically to produce respiratory instability during sleep. This hypothesis is based on the assumption that delays in feedback to peripheral chemoreceptors result in chemical enhancement of state-related changes in ventilation, generating larger and larger ventilatory oscillations with increasing time in sleep onset. Consistent with this hypothesis, more recent models of respiratory instability have incorporated an interaction between state and chemical influences (7, 25) . For example, Khoo (18) used a mathematical model of the respiratory control system to argue that fluctuations in state superimposed on the effects of delayed feedback to peripheral chemoreceptors can generate and prolong respiratory instability, especially given the high probability of arousals in response to deteriorating blood gas tensions (18, 19) .
A state by chemical feedback interaction could potentially explain the amplification of state-related fluctuations in ventilation (28) . [The term ''amplification of state-related changes in ventilation'' is used throughout to refer to the observation that the difference in ventilation between wakefulness (alpha) and sleep (theta) increases in magnitude as sleep onset progresses from sustained wakefulness to sustained non-rapid-eyemovement sleep.] However, to date, research investigating this interaction has been confined to theoretical rather than empirical demonstrations. One method of testing the hypothesized link between a state by chemical feedback interaction and amplification of staterelated changes in ventilation is by eliminating the feedback delay component of the interaction. It is generally accepted that the rapidly responding peripheral chemoreceptors are the most likely cause of feedback-related respiratory instability (32) , thus abolishing peripheral chemoreceptor activity should prevent feedback-related amplification of state effects on ventilation. The aim of the present study was to determine the extent of peripheral chemoreceptor contribution to the progressive amplification of state-related changes in ventilation over the sleep-onset period. To do this, a hyperoxic condition was employed to eliminate peripheral chemoreceptor activity and the magnitude of staterelated changes in ventilation during normoxia and hyperoxia was compared. It was predicted that hyperoxia would reduce the amplification of state-related changes in ventilation over the sleep-onset period.
METHODS

Subjects and Design
Ten male subjects aged between 18 and 25 yr (mean 20.85 yr) with a mean weight of 71 6 6.65 (SD) kg participated in the experiment. All were healthy nonsmokers free of sleeprelated respiratory problems. Subjects were studied for 2-5 nonconsecutive nights under two or three conditions. In condition 1 (hyperoxia), subjects inspired a hyperoxic gas mixture containing 40% O 2 . In condition 2 (normoxia), subjects inspired room air through the same tubing required to deliver the hyperoxic gas mixture. All 10 subjects were studied under these two conditions. Seven of the 10 subjects were studied for 2 nights per condition, and the remaining 3 subjects were studied for 1 night per condition. In condition 3 (normoxia-no tubing), room air was inspired without the attachment of tubing used in conditions 1 and 2. Seven subjects were studied for 1 night under this condition, which was designed to assess the effect of breathing through the tubing used to raise inspired O 2 levels. Eight of the subjects were selected from a previous experiment in which airway resistance was measured. This was to ensure that only subjects who did not experience obstructive episodes were studied, since it was anticipated that hypoventilation after airway obstruction would make it difficult to maintain elevated blood O 2 levels, despite the inspiration of 40% O 2 . It was not possible to obtain airway resistance measurements for the remaining two subjects.
Procedure
The experiment was approved by the University of Melbourne Human Ethics Committee, and all subjects gave written informed consent. On experimental days, subjects were required to abstain from coffee and alcohol from 1200 onward. They arrived at the sleep laboratory at ,2200 so that electrodes could be attached, and they were generally in bed by ,2300. Before the commencement of data collection, the mask was checked for leaks by instructing subjects to exhale strongly against an obstructed expiratory line while checking for air escaping around the edge of the mask. Detected leaks were corrected by tightening and /or repositioning the mask. Data collection did not commence until all existing leaks had been eliminated. Subjects were asked to notify the experimenter if they become aware of any subsequent leakage. Because subjects were awakened frequently as part of the experimental procedure, the experimenter was able to check the mask regularly. As a consequence, unidentified mask leakage was unlikely.
Subjects were requested to lie supine throughout the experiment to minimize mask leakage and the effect of body movements on respiratory variables. They were then told that as soon as the lights were turned off they should close their eyes and count to 500 before allowing themselves to fall asleep. This was so that ,5 min of quiet wakefulness could be recorded. Because the investigation was concerned with respiration during the early part of the sleep-onset period, subjects were only permitted to sleep for ,15 min after the appearance of sleep spindles or K complexes before being awakened. After it was ensured that subjects were fully aroused and checking for mask leaks, the procedure was repeated. If mask leaks were detected, data from the sleep onset concerned were discarded. Data collection continued for 3-4 h, enabling the collection of between 3 and 13 sleep onsets per night (mean 5.5 per night).
Respiratory Measurements
Subjects wore a Commonwealth Industrial Gases rubber anesthetic mask (size 5 or 6) that covered the face and nose and was held on by a head strap. A Hans Rudolph two-way non-rebreathing valve (model 2600) was attached to the mask. Mask plus valve dead space was ,127 ml, depending on individual subjects ' 
Control of Inspired O 2 Levels
On hyperoxic nights (condition 1), subjects inspired through 86 cm of 35-mm-ID tubing, which connected the inspiratory side of the breathing valve to a 15.14-liter high-density polyethylene barrel. The tubing extended ,1.5 cm into the barrel through a tightly sealed hole in the lid. A second 240-cm length of 35-mm-ID tubing was inserted ,23 cm into the barrel through an adjacent hole. The other end of this piece of tubing was left open to room air. A port 152 cm along this piece of tubing was connected by 4 m of 5-mm-ID tubing to a tank containing 100% O 2 situated outside the bedroom. O 2 entered the tubing under pressure from the tank. With this setup, normal inspiration drew both room air and 100% O 2 from the second piece of tubing into the barrel where it was mixed by turbulent flow and then inhaled via the tubing connecting the barrel to the breathing valve. The amount of O 2 bled into the inspiratory tubing was adjusted via a flow rate meter attached to the O 2 tank until subjects' inspired O 2 levels were raised to 40%. The level of fractional inspired O 2 (FI O 2 ) indicated by the O 2 analyzer was monitored constantly throughout data collection to ensure that it remained between 40 and 44%. On normoxic nights (condition 2), subjects inspired room air through the same inspiratory tubing but with the O 2 tank turned off. On normoxic-no tubing nights (condition 3), the inspiratory tubing was detached and subjects inspired room air directly through the inspiratory side of the breathing valve according to procedures described in previous studies (29) .
Electrophysiological Recordings
To permit the identification of state, electroencephalographic (EEG) activity was recorded from scalp electrodes attached at central (C 3 /A 2 ) and occipital (O 1 /A 2 ) sites, electrooculographic activity was recorded from two electrodes attached above and below the outer canthi of the eyes, and electromyographic activity was recorded from two electrodes over the submental muscles. The occipital recording was used for automated discrimination between alpha and theta EEG activity.
The output of the airflow system, gas analyzers, oximeter, and electrophysiological recordings were amplified and collected onto a paper chart by using a Grass polygraph (model 7D). Polygraph output for airflow, CO 2 , O 2 , Sa O 2 , and occipital EEG activity was collected on an IBM-compatible 486 com-puter. The signal was digitized at 100 Hz. Data were displayed on-screen during data collection and stored for later off-line analysis.
Preliminary Data Analysis
Respiratory variables. Data were prepared for analysis by using a breath-detection program that allowed breath-bybreath values of respiratory variables to be calculated. The identification of each breath by computer algorithm was checked by the experimenter. Breaths associated with movements were discarded. Variables calculated were tidal volume (VT), estimated expiratory minute ventilation (V E), total duration (TT), end-tidal CO 2 , and average Sa O 2 for each breath. V E was estimated using VT and inspiratory and expiratory durations for each breath. CO 2 values were defined as the asymptote of an exponential function. If there were insufficient data to calculate an exponential function, or if the data didn't fit an exponential function, the associated breath was discarded. Average Sa O 2 was calculated by averaging over 10 ms sampling points within a breath.
State identification. Each sleep onset was divided according to two classification systems. The first classification divided each onset into three phases according to the progressive development of sleep and allowed the effect of sleep/wake state on ventilation to be assessed as a function of time in sleep onset (early vs. late in the sleep-onset process). Phase 1 was the period of sustained wakefulness before any indication of sleep. It was defined by dominant alpha activity preceding the first occurrence of theta activity. Phase 2 (or the early part of sleep onset) was defined as the period of alternating alpha and theta activity from the first appearance of theta activity to the first appearance of sleep spindles or K complexes. Phase 3 (or the later part of sleep onset) was defined as the period beginning with the first breath associated with sleep spindles and /or K complexes until the attainment of stable stage 2 sleep (the absence of brief arousals). This classification was carried out by visual inspection of the sleep recordings. The term ''phase,'' rather than ''stage,'' was used because, although closely related, the phases identified in this study do not correspond to the stages of the Rechtschaffen and Kales system (26) .
The second classification system classified each breath as occurring during one of two states: 1) wakefulness, as defined by EEG alpha activity and other indications of arousal; or 2) sleep, as defined by theta activity, K complexes, and sleep spindles. During phase 1 all breaths were, by definition, classified as occurring during wakefulness (dominant alpha activity). During phase 2 breaths were classified as occurring during wakefulness according to the presence of alpha activity, or sleep, according to the presence of theta activity. Finally, during phase 3 alpha and theta also defined wakefulness and sleep, respectively. However, in addition, breaths could be classified as occurring during wakefulness if they occurred in association with arousals even in the absence of predominant EEG alpha activity. These arousals were defined according to the presence of one or more of the following events: a phasic increase in electromyographic activity, awake eye movements, a sequence of delta waves, or a K complex that occurred in association with a brief burst of alpha activity. The determination of the EEG frequency associated with individual breaths was achieved by using a peak-to-peak automated period analysis, whereas arousals defined by other events were identified visually, as were K complexes and sleep spindles during theta activity. Although the aroused or wakeful state could be defined by the presence of alpha or arousals, for reasons of brevity the terms ''alpha'' and ''theta'' are used to describe wakeful or aroused and sleep states, respectively.
Automated EEG scoring. The following procedures were used to classify EEG frequency during a breath as predominantly alpha or theta. Software initially identified the segment of EEG during the period of a breath. This EEG segment was then subjected to a peak-to-peak period analysis, and the ratio of EEG cycles between 8 and 13 Hz (alpha) to those between 3 and 8 Hz (theta) was computed. Thus a ratio of alpha-to-theta EEG activity was calculated for each breath. The obtained ratio was then compared with a Criterion Ratio (CR) to determine whether its value indicated predominantly alpha or theta activity.
The CR was calculated by selecting a sample of ,200 breaths, 100 of which had been classified by an experienced scorer as associated with unequivocal alpha EEG activity, and 100 of which had been classified as associated with unequivocal theta activity. A frequency distribution of the ratios for these breaths was plotted, and the ratio equally likely to be associated with visually classified alpha or theta EEG activity was identified. This ratio was used as the CR by software that automatically classified breaths as alpha or theta, depending on whether their EEG ratios were greater or less than the CR. It was necessary to identify CR values independently for each subject because of considerable intersubject variability in the value of the CR. Previous experience with this methodology had indicated that samples of ,100 each of unequivocal alpha and theta breaths were sufficient to reliably identify the CR (16, 17) .
Analyses of Ventilatory Variables
Transition analyses. Data from sleep onsets were analyzed via software that used sleep/wake state and breath number to identify sequences of consecutive breaths associated with transitions between specified sleep/wake states. This permitted calculation of the magnitude of the change in ventilation associated with each state transition (V diff ) as follows. First, average pretransition V E (V E pre ) and posttransition V E (V E post ) were calculated for each transition. V E pre was defined as the mean of the second and third breaths before a state transition, and V E post was defined as the mean for the second and third breaths after a state transition. V diff was then calculated by subtracting V E post from V E pre . V diff values were calculated for transitions between alpha and theta activity in phases 2 and 3. The second and third breaths before a transition and the second and third breaths after a transition were used to define the amplitude of the state effect, as previous work has indicated that these points best define the maximum amplitude (29) . Note that V diff values were calculated for both possible transition types, i.e., transitions from alpha-to-theta and from theta-to-alpha activity.
Mean phases 2 and 3 V diff values were calculated for each sleep onset and then averaged within conditions and subjects to provide mean alpha-to-theta and theta-to-alpha V diff values in each condition for each subject. The effect of hyperoxia was assessed by a 2 (condition) 3 2 (phase) 3 2 (transition type) analysis of variance. The effect of the tubing used to deliver the hyperoxic mixture was assessed by a 2 (tubing type) 3 2 (phase) 3 2 (transition type) analysis of variance. Mean Sa O 2 values were computed for hyperoxic and normoxic conditions and compared across conditions using a t-test. State-related changes in Sa O 2 were not analyzed because of the slow rate of change observed for this variable. Sa O 2 data were not obtained for one of the subjects because of oximeter malfunction.
Average ventilatory variables. The tonic effects of hyperoxia were assessed by calculating average normoxic and hyperoxic values of ventilatory variables for each state. These values were obtained by averaging all breaths within each state (excluding those associated with movements) to produce average normoxic and hyperoxic values of CO 2 , V E, VT, and TT for breaths associated with phase 2 alpha, phase 2 theta, phase 3 alpha, and phase 3 theta activities.
RESULTS
Comparison of Normoxic and Hyperoxic State-Related Changes in Ventilation
The magnitude of state changes in ventilation under both normoxic and hyperoxic conditions for the group is illustrated in Fig. 1 . Data for individual subjects are presented in Table 1 . These data indicate that the magnitude of phase 3 V diff values was reduced during hyperoxia. In contrast, phase 2 V diff values did not differ across conditions. Thus hyperoxia reduced the amplification of state changes in ventilation but had no effect on the magnitude of the initial (phase 2) state change in ventilation. This was confirmed by a significant condition by phase interaction [F(1,9) 5 6.64; P 5 0.03]. The main effect for phase was also significant [F(1,9) 5 16.20; P 5 0.003], whereas that for condition approached significance [F(1,9) 5 4.84; P 5 0.055]. Figure 1 also indicates that some degree of amplification occurred even during hyperoxia. This was confirmed by post hoc analyses (Scheffé) that revealed that although normoxic phase 3 V diff values were significantly larger than hyperoxic phase 3 V diff values [F(1,9) 5 8.0183; P , 0.05], phase 3 V diff values were significantly larger than phase 2 V diff values in both conditions. Figure 1 also suggests differential effects of both phase and condition, depending on the type of transition. First, the amplifying effect of phase appears greater for theta-to-alpha transitions. This was confirmed by a significant phase by transition-type interac- Further illustration of the results is provided in Fig.  2 , which shows average V E for breaths across phases 2 and 3 state transitions during both normoxia and hyperoxia. The reduced magnitude of state-related changes in ventilation during hyperoxia is evident from comparison of normoxic and hyperoxic phase 3 state transitions (Fig. 2B) . This representation of the data also indicates that the reduction in the magnitude of phase 3 V diff values appears to have resulted from increased pre-and posttransition theta ventilation, without a concomitant decrease in alpha ventilation.
Sa O 2 Levels
Average normoxic and hyperoxic Sa O 2 
Effect of Breathing Circuit Used to Deliver Incremental O 2
Comparisons between normoxic and normoxic-no tubing V diff values revealed that the two conditions were not significantly different [F(1,6) 5 0.93; P 5 0.37], confirming that the tubing used to deliver incremental O 2 had no effect on the magnitude of state-related changes in ventilation.
Average Ventilatory Values Across O 2 Conditions and EEG States
Comparison of average ventilatory variables across O 2 conditions and EEG states suggested the presence of a mild degree of hyperventilation during hyperoxia (see Fig. 3 ). This tonic facilitatory effect of hyperoxia was small in magnitude (considerably smaller than the effects of both phase and state) and thus was not reflected in significant main effects for condition on either V E [F(1,9) 5 2. Fig. 4 . For reasons explained in DISCUSSION, we believe that these data indicate a mild degree of tonic hyperventilation during hyperoxia.
DISCUSSION
The results of the present experiment demonstrated reduced amplification of state-related changes in ventilation during hyperoxia, produced by a decrease in the magnitude of phase 3 state changes in ventilation. Given the well-established depressant effect of hyperoxia on carotid body activity, these results support the hypothesis of peripheral chemoreceptor involvement in the amplification of state-related changes in ventilation. Numerous studies have shown that inhalation of hyperoxic gas mixtures after normoxia or hypoxia produces transient decreases in ventilation in animals and humans during both wakefulness and sleep (3, 5, 6, 10, 12, 14, 15, 27) . Peripheral chemoreceptor involvement is indicated because this decrease in ventilation is proportional to the level of FI O 2 preceding the hyperoxia, or, in other words, to the level of prior peripheral chemoreceptor activity. Furthermore, ventilation does not decrease during hyperoxia in chemodenervated animals or humans. Thus the reduced amplification observed during hyperoxia in the present experiment both supports these earlier studies and extends their findings by showing that peripheral chemoreceptor activity contributes to the progressive increase in the magnitude of the state-related change in ventilation that occurs under normoxic conditions during the development of sleep.
Hyperoxia has also been reported to produce a secondary tonic increase in ventilation, which becomes apparent after 2-4 min and reaches a plateau within 5-8 min. The degree of hyperventilation is typically small (often merely sufficient to reverse the effect of peripheral chemoreceptor suppression) and is achieved by increased volume without appreciable change in respiratory rate (11, 12, 14, 15, 21, 23) . Hyperoxic hyperventilation is unaffected by carotid body denervation and is thought to result from increased central chemoreceptor activity due to the reduced CO 2 transport and elevated tissue CO 2 levels accompanying hyperoxia (9) . It has not previously been investigated during sleep. Data from the present experiment suggest that hyperoxic hyperventilation does occur during sleep. Overall ventilation tended to be higher and end-tidal CO 2 tended to be lower during hyperoxia. Both the magnitude and pattern of ventilatory change were consistent with descriptions of the effect during wakefulness. Thus hyperventilation was produced by consistent but small increases in V E and VT with no appreciable change in TT.
The occurrence of hyperoxic hyperventilation may explain why the hyperoxia-induced reduction in the amplification of state effects on ventilation was achieved by increased theta ventilation without a simultaneous decrease in alpha ventilation. This is because an overall increase in ventilation could potentially mask reductions in ventilation in particular situations. Thus while hyperoxic elimination of the amplification effect would be expected to decrease phase 3 alpha ventilation, this change may have been offset by the concurrent tonic hyperoxic hyperventilation effect. For this reason, we interpret the pattern of results observed in this experiment as the consequence of two potentially opposing effects of hyperoxia. The first is a reduction in the magnitude of phase 3 state-related changes in ventilation, and, as a consequence, a reduction in the amplification of state effects on ventilation. The second is a tonic hyperoxic ventilatory stimulation resulting in a slight overall increase in ventilation. The data are therefore consistent with the hypothesis of peripheral chemoreceptor involvement in the progressive amplification of state-related changes in ventilation over sleep onset.
However, the data also indicated that some amplification of state effects occurred even during hyperoxia. There are several potential explanations for this. First, it is possible that peripheral chemoreceptor activity was only partially suppressed by the inhalation of 40% O 2 . Although average Sa O 2 for the group was 2-3% higher during hyperoxia than during normoxia, it was not raised to 100%, thus there may have been some residual O 2 drive on hyperoxic nights. However, previous experiments have shown that peripheral chemoreceptors are largely inactive at arterial O 2 partial pressures outside the range of 100 and 170 Torr (13.2 and 22.4%) (6) . In the present experiment, subjects' fractional expired O 2 during the hyperoxic condition was never ,30% (228 Torr) and was generally between 32 and 34% (243 and 258 Torr). Thus it is unlikely that residual O 2 drive was responsible for the remaining amplification.
Second, it is possible that the peripheral chemoreceptor response to CO 2 was responsible for the remaining amplification. However, the small CO 2 component of the peripheral chemoreceptor contribution to ventilation (reports range from 12 to 30%; Refs. 8, 13, 31) is further decreased during hyperoxia (13, 20) and possibly eliminated when FI O 2 exceeds 400 Torr (22) . Thus, in the present experiment where FI O 2 was 300 Torr, any peripherally mediated CO 2 effect would be minimal. In addition, data for individual subjects revealed that the remaining amplification during hyperoxia was sometimes considerable, making it difficult to explain in terms of small residual O 2 or CO 2 drive.
A third explanation for the residual amplification is the effect of changes in upper airway resistance over sleep onset. Two studies (16, 17) have reported that airway resistance increases at transitions from alpha to theta activity, that there is a close reciprocal relationship between state-related changes in ventilation and airway resistance, and that increases in airway resistance associated with theta activity are greater in phase 3 than phase 2. Thus changes in upper airway resistance may have been unaffected by the hyperoxic manipulation and may have contributed to the residual amplification of state-related changes in ventilation.
Finally, several investigators have provided evidence for the existence of a neural arousal mechanism that increases ventilation after transient arousals (1, 30, 32) . If such a mechanism existed, and if it were confined to phase 3, its operation could result in increased ventilation after phase 3 theta-to-alpha transitions. Some features of the data from the present experiment are consistent with this possibility. A phase by transition-type interaction indicated that the amplification was greater at theta-to-alpha than alpha-to-theta transitions. The independence of this effect from O 2 condition suggests the involvement of nonchemical mechanisms.
Although the results of this experiment strongly suggest peripheral chemoreceptor involvement in the amplification of state effects on ventilation, there are some methodological issues that require consideration. First, hyperoxia has been reported to increase the duration of periodic oscillations in ventilation. If this is the case, quantification of V diff based on the second and third breaths before and after state transitions could result in underestimation of the amplitude of ventilatory oscillations during hyperoxia, thus biasing results in favor of the experimental hypothesis. To address this issue, the periodicity of state-related ventilatory fluctuations was assessed by calculating average interarousal intervals, and the effect of hyperoxia on the duration of ventilatory fluctuations was determined by comparing normoxic and hyperoxic interarousal intervals. Results indicated that state-related ventilatory fluctuations were not periodic during either O 2 condition. Mean normoxic and hyperoxic interarousal intervals were 94 and 79 s, respectively, with mean SDs of 61 and 55 s, respectively. There was also no significant difference between normoxic and hyperoxic interarousal interval duration [t (9) in fact vary as a function of the magnitude of changes in EEG frequency. If this were the case, and if hyperoxia were found to reduce the magnitude of state-related changes in EEG frequency, it could be argued that hyperoxia reduced the magnitude of phase 3 V diff values by decreasing the amplitude of phase 3 oscillations in EEG frequency and not via an inhibitory effect on the peripheral chemoreflex. This possibility was investigated in two ways: 1) by determining the relationship between the magnitude of changes in ventilation and EEG frequency over state transitions within subjects and 2) by comparing the magnitude of normoxic and hyperoxic state-related changes in EEG frequency. There was not a significant relationship between the magnitude of state-related changes in ventilation and EEG frequency; the correlation between these two variables averaged over subjects was 0.16. Furthermore, hyperoxia had no significant effect on staterelated changes in EEG frequency during both alpha-totheta and theta-to-alpha transitions in phase 2 or at alpha-to-theta transitions in phase 3. In contrast, the magnitude of changes in EEG frequency associated with phase 3 theta-to-alpha transitions was significantly smaller during hyperoxia [t(8) 5 23.54; P 5 0.008]; however, as indicated above, hyperoxia had less effect on V diff values occurring at theta-to-alpha transitions. Thus the only situation in which hyperoxia reduced the magnitude of state-related changes in EEG frequency was also the situation when its effect on the magnitude of changes in ventilation was smallest. These results do not support the contention that the magnitude of state effects on ventilation is proportional to the magnitude of the associated change in EEG frequency and are somewhat ambiguous concerning the effect of hyperoxia on the magnitude of changes in EEG frequency at state transitions. Thus the data do not suggest that hyperoxia reduced the magnitude of phase 3 state-related fluctuations in ventilation by first reducing the magnitude of associated changes in EEG frequency.
A third consideration is the effects of upper airway obstruction. None of the eight subjects in whom airway resistance was assessed experienced significant obstructive episodes, confirming that the maintenance of hyperoxia was not prevented by airway obstruction. Coincidentally, the two subjects in whom airway resistance could not be investigated experienced hypopneas and apneas during phase 3 in both conditions. Polygraph tracings suggested that one of these subjects (HM) suffered from obstructive episodes, whereas the other subject (MO) appeared to suffer from CO 2 threshold apneas. Both subjects experienced greater respiratory instability in hyperoxia than in normoxia, presumably because the preservation of O 2 drive is more critical in subjects with disturbances to other components of the respiratory control system. We decided to include both of these subjects in the analysis because any bias resulting from their inclusion would diminish rather than increase the predicted effect of hyperoxia.
Finally, it is possible that interpretation of results was confounded by the effects of the breathing circuit used to raise FI O 2 levels. However, comparison of normoxic and normoxic-no tubing data indicated that the breathing circuit had no significant effect on the magnitude of state-related changes in ventilation.
In summary, the results of this experiment are consistent with peripheral chemoreceptor mediation of the amplification of state-related changes in ventilation, although the observation that hyperoxia only partially removed the amplification suggests that other mechanisms may also contribute. Given the possibility of a relationship between the magnitude of the amplification and later respiratory instability, the identification of one of the mechanisms contributing to the amplification of state changes in ventilation is significant. Further research is needed to identify possible additional mechanisms.
